The interface between a crystalline and a vitreous phase of a thin metal supported silica film was studied by low temperature scanning tunneling microscopy. The locally resolved evolution of Si-Si nearest neighbor distances and characteristic angles was evaluated across the border. Furthermore, we investigated the behavior of the ring size distribution close to the crystalline-vitreous transition. The crystalline order was found to decay gradually within about 1.6 nm into the vitreous state. DOI: 10.1103/PhysRevLett.109.106101 PACS numbers: 68.37.Ef, 68.35.bj, 68.35.Rh, 68.47.Gh The topological transition from a crystalline to an amorphous material can result in very complex structures. It is a demanding task to investigate the atomic arrangement of such boundaries and it requires a well-defined structural model system. Understanding the interface between a crystal and a glass can lead to a better description of the crystal-to-glass and the liquid-to-glass transitions. In addition, fundamental knowledge about semicrystalline materials can be gained, because there the crystallites are separated by disordered boundary regions.
The topological transition from a crystalline to an amorphous material can result in very complex structures. It is a demanding task to investigate the atomic arrangement of such boundaries and it requires a well-defined structural model system. Understanding the interface between a crystal and a glass can lead to a better description of the crystal-to-glass and the liquid-to-glass transitions. In addition, fundamental knowledge about semicrystalline materials can be gained, because there the crystallites are separated by disordered boundary regions.
A vast amount of studies was published concerning crystalline-amorphous (c-a) interfaces of different, mostly tetrahedrally coordinated materials, including c-Ge=a-Ge [1] , c-Si=a-Ge [2, 3] , c-Si=a-Si [1, [4] [5] [6] [7] , c-Al 2 O 3 =a-CaSiO 3 [8] , c--Si 3 N 4 =a-SiO 2 [9] , and c-Si=a-SiO 2 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , the last example being an important interface in semiconductor technology. The transitional structures were investigated by a large variety of theoretical [1, 4, 6, 8, 14, 16, 17, 19] and experimental methods [2, 3, 5, [9] [10] [11] [12] [13] 15, 18, 20, 21] . However, the interface between crystalline and vitreous silica has not been addressed so far. Moreover, the application of scanning probe microscopy to a c-a transition has not been shown. These structures were thought to be inaccessible by scanning probe microscopy, because the interfaces are buried inside the bulk materials [3] .
In a recent publication, we reported on the atomic structure of a thin vitreous bilayer silica film on a Ru(0001) support using low temperature scanning tunneling microscopy (STM) [22] . The film's structure exhibited high short range order, but no long range periodicity. Rings with four to nine Si and O atoms were observed. The ring size distribution of the vitreous film exhibits a characteristic log-normal behavior, which is due to the connectivity requirements of two dimensional (2D) random networks [23] (see Supplemental Material [24] , Figure S5 ). By comparing the pair correlation functions, we could prove that the 2D film is a good model of a three dimensional (3D) glass. Our results were confirmed by transmission electron microscopy experiments of 2D vitreous silica prepared on graphene [25] . Furthermore, we showed that the silica film can also be grown in a crystalline phase [26] . We compared the characteristic distances and angles occurring in both the crystalline and the vitreous phase of the thin silica film in great detail, showing good agreement to bulk silica materials [27] . The silica film on Ru(0001) provides the unique opportunity to study the interface between crystalline and vitreous growth modes with atomic resolution in real space.
Herein, we report on a detailed evaluation of the one dimensional (1D) interface between a crystalline and a vitreous region of the thin silica film. The evolution of characteristic atomic distances and angles is evaluated in detail. We discuss how ring statistics change across such a border. A measure of the film's crystallinity is introduced, and we look at its development from the crystalline to the glassy phase.
In this study, we applied a custom-built dual mode microscope which combines noncontact atomic force microscopy and STM using a tuning fork sensor. The microscope is operated at low temperatures (5 K) in ultrahigh vacuum. Prior to film preparation, the Ru(0001) substrate was cleaned by repeated cycles of Ar þ bombardment at 1 kV and annealing to 1500 K. The cleanliness of the substrate was controlled by low energy electron diffraction and STM. The silica films were prepared by evaporating Si from a Si rod onto a 3O-(2 Â 2)-precovered Ru(0001) surface in an O 2 atmosphere of 2 Â 10 À7 mbar. Subsequently, the sample was annealed at 1180 K in 2 Â 10 À6 mbar O 2 , resulting in an extended and flat silica bilayer. Depending on the initial Si coverage and the cooling rate, we could grow vitreous silica films or films with coexisting crystalline and vitreous regions [28] . Table S1 ). This atomic model served as a starting point for further analysis of the crystalline-vitreous interface.
A closer look at the model shows that the left part of the image consists of a regular and periodic arrangement of atoms. However, the right third of the image lacks periodicity and symmetry and is therefore vitreous. Later, we will define a quantity that gives a measure of the order in a particular film region.
It is important to note that we did not observe any electronic signature from the crystalline-vitreous interface in the STM under the given tunneling conditions [see, e.g., Fig. 1(a) ]. For the antiphase domain boundaries in ultrathin alumina on NiAl(110), pronounced electronic features were observed, which were attributed to defect-induced states of the nonstoichiometric structure at the interface [29] . We therefore conclude an absence of such defect states at the crystalline-vitreous boundary of the thin silica film. There are also no under-or overcoordinated Si atoms, as all Si atoms have exactly three Si NNs (four NNs if one takes into account the Si atom of the first silica layer sitting underneath every Si atom of the second layer that is imaged). Thus, the stoichiometry is conserved at the crystalline-vitreous transition. These considerations show that the vitreous patch is smoothly connected to the crystalline one.
To evaluate the transition between both regions, it is interesting to look at the change of quantities that characterize the film's structure as we move from the crystalline to the vitreous area. For this Letter, we investigated the NN distances, NN orientations, and ring statistics. It would be desirable to evaluate these quantities perpendicular to the interface. However, it is difficult to define the exact boundary line, because it is impossible to say whether a sixfold ring belongs to the crystalline or the vitreous region, as they appear in both phases. Therefore, we chose to evaluate the interface structure by approaching it from a direction that is perpendicular to one crystalline axis [see the black arrow below Fig. 1(b) ]. The image was cut into vertical slices. Subsequently, the characteristic quantities were computed for every slice separately.
First of all, we evaluated the Si-Si NN distances to tell how the atomic separations change at the interface between the crystalline and the vitreous phase. The distances of all Si-Si NN pairs were computed and are displayed in Fig. 2(a) . Differently colored bars represent the magnitude of the Si-Si NN distance [see the scale bar in Fig. 2(a) ]. 
talline, the vitreous, and the interface region. For a better quantification of the Si-Si NN distance evolution, we divided the image into ten vertical, 1.23 nm wide slices and computed the distance distribution for every slice. Each distribution was fitted by a Gaussian yielding peak values and standard deviations. Figure 2(c) shows a plot of these two quantities vs the lateral coordinate of the respective slice (x). Although the slices' mean values exhibit a slight variation of 0.003 nm around the average for the whole image (0:303 nm AE 0:025 nm, dashed line), the deviation is not significant. Therefore, we conclude that the mean SiSi NN distance stays constant as we go from a crystalline to a vitreous state. The NN distance is also not affected at the crystalline-vitreous transition region. This finding is consistent with experimental results on bulk silica materials: the average Si-Si NN distances in vitreous silica [30] and quartz [31, 32] are equal within the root mean square variation of the glass (0:3077 nm AE 0:0111 nm and 0.3059 nm, respectively).
Another way of looking at the crystalline-vitreous interface is by exploring characteristic angles between the atoms of the silica film. A quantity that reflects the order of a certain region is the Si-Si NN directed distance orientation (DDO), i.e., the slope of the connection line between two Si NNs with respect to the image abscissa. to þ90 [see also the scale bar in Fig. 3(a) ]. Clearly, the DDOs are different for the crystalline and the vitreous phase. This difference is demonstrated in Fig. 3(c) , where the DDO values are plotted vs x. In the crystalline region (left part of image), DDOs assume three values: À60 , 0 , and þ60
. These three directions reflect the threefold symmetry of the crystalline structure. However, in the vitreous region (right part of image) DDO values scatter randomly from À90 to þ90 . This shows that, in this area, the atoms are not collectively aligned. In addition, the representation in Fig. 3(c) gives a clue about the location of the interface region, namely around x ¼ 8 nm.
Surprisingly, in the crystalline region of Figure 3(a) , the NN orientations are not perfectly aligned to each other, but they rather seem to scatter around mean values. This is also visible in Fig. 3(c) , where the crystalline peaks (x < 8 nm) exhibit a certain width of roughly 20 to 30 . In addition, rowlike features of parallel DDOs can be identified in Fig. 3(a) (see, e. g., rows marked by black arrows). We exclude a drift-related effect, because the directions in these rows alternate from row to row. One possible explanation might be that the vitreous area induces stress into the crystalline phase, which is subsequently released via these rows.
The final stage of the crystalline-vitreous interface evaluation is to examine larger objects than NN distances: the silica rings. By counting the number of Si atoms involved in every ring, we obtained a 2D distribution of ring sizes. Furthermore, to gain another quantity that characterizes the ring size, we calculated the areas of the polygons that are defined by the atoms of every ring.
In Fig. 4(a) , all rings in the model were colored corresponding to their size. To see even small variations in the size distribution, the color scale was set proportional to the rings' polygonal area (see the scale bar). It becomes clear that the imaged area is not at all homogeneous. Whereas the film consists of only six-membered rings on the left side, rings of various size dominate the right third of the figure. Notably, even the six-membered rings of the crystalline area exhibit a variation in their polygon area. This stems from small deviations of NN distances and orientations leading to deformations of the rings.
To evaluate how the ring statistics evolve from the crystalline to the vitreous region, we divided the image into 30 vertical slices (each 0.41 nm wide). Afterwards, we computed ring size distributions for every slice, including ring fractions. Finally, we obtained the 3D data set Nðx; sÞ;
where N is the amount of rings per slice, x the lateral coordinate of the respective slice, and s the amount of Si atoms per ring, i.e., the ring size. In Fig. 4(c) , this 3D data set is plotted as a 2D graph. To obtain good contrast, the gray scale of the boxes represents the logarithm of the number of rings per slice, log½Nðx; sÞ þ 1 (the þ1 is added to avoid divergence at zero). to appear close to the crystalline area other than sixfold rings are five-and seven-membered rings. This is in line with density functional theory calculations where a simple model of an amorphous film has been produced out of a crystalline phase by rotation of one of the ðSiO 2 Þ 4 units [22] , leading to the transformation of four six-membered rings into two five-and two seven-membered rings. The prominent appearance of such ring structures has also been observed in other oxide film systems [33] . At increasing lateral coordinate, also four-and eightfold rings are found.
The last ring to occur is the ninefold ring, which represents the largest deviation from the presumably energetically most favorable six-membered ring [22] .
To better quantify how the film transforms from a crystalline to a vitreous state, we define the crystallinity of a slice CðxÞ ¼ Nðx; 6Þ P 9 s¼4 Nðx; sÞ :
This quantity is plotted in Fig. 4 (e). On the left side of the image (x 7:2 nm), where the film consists of sixfold rings only, CðxÞ ¼ 1. As other ring types start to appear (x > 7:2 nm), CðxÞ drops gradually to a value below 1. The dashed line in Fig. 4 (e) marks the reference crystallinity value for a large vitreous area (C ¼ 0:42; see Supplemental Material [24] for a detailed analysis). The CðxÞ plot shows that the thickness of the transition region from crystalline [CðxÞ ¼ 1] to vitreous [CðxÞ ¼ 0:42] is approximately 1.6 nm. For the crystal-glass transitions of other 3D tetrahedral networks, interface widths of 0.3 to 1.4 nm were obtained theoretically [4, 6, 7, 14] and experimentally [3, 10, 20] . However, it is not straightforward to compare these values to our measurements because of the different interface system (silica-silica) and the different dimensionality of the boundary (2D vs 1D) . Furthermore, the thickness of the 1D interface in the silica film might be influenced by small crystalline patches enclosed in the vitreous structure that enhance the crystallinity of the transition region [see, e.g., the bottom right part of Fig. 4(a) ]. As a recent Letter shows, local crystallites might also be present in bulk glasses [34] .
In this Letter, we studied the atomic structure of the topological transition from a crystalline to a vitreous phase in the thin silica film on Ru(0001). A smooth interface without under-or overcoordinated Si atoms was observed. The Si-Si distances appeared to remain constant in the crystalline, the vitreous, and the interfacial region. However, the orientation of the Si-Si directed distances showed a substantial change at the interface. Whereas in the crystalline area the angular distribution exhibited three discrete peaks representing the crystalline axes, in the vitreous part the orientations were randomly distributed in all directions. Finally, ring statistics were computed for narrow image slices. This evaluation revealed that five-and sevenfold rings lie closer to the crystalline phase than [24] for a detailed analysis).
